Abstract: In this paper, a fast li-ion battery charger microcontroller (MCU) based on configurable pulse width modulation (PWM) controller by tracking the polarization curve of battery cells is proposed in order to inject the maximum charge-current without battery degradation and its fully customdesigned MCU is implemented as a system-on-chip (SoC) using 0.18 um Embedded Flash CMOS process. The evaluation results show that a newly designed charger is about 18.6% faster than the conventional constantcurrent (CC) charging method with the temperature rise within a reasonable range. The implemented charger system by tracking the battery cell polarization curve results in charging 4 cells of battery to about 80% of its maximum capacity in less than 56 minutes and 13°C maximum temperature rise without damaging the battery.
Introduction
Recently, demands for various applications based on large-scale battery cells, such as electric vehicle (EV) and remotely-installed industrial appliances, are beginning to grow [1] . Large capacity battery-operated appliances have not been widely used due to the high price of purchasing the battery cells and the long charging times.
Fig. 1 describes the proposed system-level architecture by cooperating hostcharger and slave charger MCU mounted on multiple battery packs. The battery charger controls the reasonable current injection at a specifically biased voltage level by sharing the dynamically changed characteristics of the battery's status such as voltage, injected current, load current, and operating temperature. The trade-off between the charging speed and the reliability of the internal electrochemical reaction process has to be considered, which is a barrier to increasing the charging speed. There are lots of studies on how to increase the speed of battery charging, such as variants of CC-CV charging method, polarization curve-based charging method, and pulse-based charging method of VFPCS [2] and DVVPCS [3] . The traditional constant current, constant voltage (CC-CV) charging method has a limitation in terms of providing fast charging mode [4] . The pulse-based charging method has been recognized as a fast and efficient way to overcome the shortcoming of the slow charging time in distributed battery cells, which was also presented in our previous work [5] . This paper describes our efforts to advance the our initial approach by newly designing a fast battery-charging algorithm based on optimal frequency and duty control, while still protecting battery cells from over-voltage or over-heating status, in order to provide a long life cycle for the battery pack. We implemented the total solution of the fast battery charger MCU including the charger algorithm in the host, and the battery management SoC (system-on-chip) mounted in the battery pack. This paper is organized as follows. In Sections 2, our research motivation and related work are discussed. Section 3 describes the details of the proposed fast battery-charging method. The implementation and experimental results are presented in Section 4. Finally, we conclude the paper by summarizing our contributions in Section 5. Fig. 2(a) shows the biased charge PWM pulse with specific period width and frequency. The cell polarization is triggered when the charge pulse is high and the relaxation period is followed when the charge pulse is off. Fig. 2(b) shows the diffusion relaxation in detail after a period of the constant-current charging mode. Terminal voltage declines abruptly after the charging period due to the polarization voltage decreasing rapidly. The relaxation time will last a few hours before the status completely settles down. In this paper, we considered that the polarization voltage is small enough to be ignored after 1000 seconds [6] .
Motivation
The equivalent circuit model [7] describes the characteristics of the battery as capacitative and resistant; it consists of an ideal voltage source (E m ), an RC block ðR 1 ; C 1 Þ, and an internal resistance (R 0 ), as shown in Fig. 3(a) . These fundamental parameters describing the status of the battery cells are dependent on the dynamically changed temperature and state of charge (SOC) of the cell [8] .
A two-dimensional lookup table (LUT) for the parameters of the multiple battery cells by considering temperature is statically built from the feature points that are measured in runtime. The generated LUT for the multiple battery cells, which is used in this study, is shown in Fig. 3(b) .
Polarization voltage is the dropout voltage on the RC block and it can be calculated by the following equation:
V o is the battery terminal voltage. A series of experimental results, which was introduced in our previous works [9] , show that polarization voltage is relatively small when SOC is greater than 20% and less than 80%, shown in Fig. 4 . By tracking dynamic characteristic of polarization curve according to SOC, the proposed charger tries to determine the maximum boundary of allowable current injection.
Compared to the traditional CC-CV method, pulse charging has many advantages, including high efficiency, high charging rate and a long battery life cycle [10] . The charge speed of the VFPCS and the charge efficiency of the DVVPCS are good enough to be used in the recharging applications for multiple cells, but neither considers both frequency and duty cycle factors in runtime simultaneously. Based on the optimal frequency and duty control, our effort to design an efficient battery-charging algorithm focuses on improving the charging speed and energy efficiency.
In this paper, we propose a newly designed charger to control the duty and frequency of the charge pulse by tracking maximum range of polarization curve characteristics according to the status of battery state-of-charge (SOC). The newly designed pulse charger requires two input values: frequency and duty cycle. The searching methods for the optimal frequency and duty cycle are based on two approaches, which are described in the following sections.
Proposed architecture
Based on the mechanism of polarization, the allowed current injection is restricted by considering the SOC of the battery, which is measured in Fig. 4(a) . Therefore, the appropriately acceptable charging current has to be selected during the runtime of the charge process, by increasing the charging rate to reduce the time or by decreasing the charging rate to minimize the damage to the battery. In this paper, we adjust the injection current by controlling the duty and frequency of the charge pulse simultaneously in runtime by tracking the polarization curve of the battery packs, shown in Fig. 4(b) .
Frequency searching mode
The capacitative characteristic of the battery cell causes different responses at different frequency pulses, which are activated when the battery is charging. Fig. 3(a) shows that the battery impedance is the summation of Z 0 and Z 1 , as described in equations (2) and (3):
This search mode finds the optimal frequency while minimizing the cell impedance and using the highest charging current to reduce the energy loss, which is consumed in the battery resistance. Fig. 5 shows that impedance Z 1 is more dependent on the pulse charging frequency than SOC. We take 0.01 Hz, 0.1 Hz, 1 Hz and 100 Hz as examples, indicating that Z 1 will regularly drop when the frequency rises.
The AC impedance of the battery decreases as the frequency increases to 5000 Hz, which is measured by the Solartron 1280 analyzer. However, AC impedance increases exponentially in the range of 5000 Hz-100 kHz [11] .
The charger proposed in this paper uses 50% duty cycle as an initial value and adjusts the frequency range from 500 Hz to 5000 Hz by increasing the frequency by 500 Hz steps instead of using the fixed frequency determined by experience.
The proposed algorithm for the optimal search mode is illustrated in Fig. 6 . First, the charger must confirm that the SOC is under 0.8. If the proposed method is enabled when SOC is above 0.8, the fast charging process will be stopped to prevent over-heating or over-voltage in a short period.
From the successful operation of this mode, we obtain the optimal frequency, at which the battery impedance is extremely minimized and the largest charging current is injected into the battery cell. In particularly, the optimal frequency will be used as a basis in the following two modes. 3.2 Duty search mode Fig. 7 shows the charging current being pumped into the battery and then followed by a voltage relaxation period. The acceptable charging current has to be under the boundary curve, taking polarization voltage as the limit, which is illustrated in Fig. 7 . If the charging current is always higher than the limit of the boundary curve, the battery will raise the terminal voltage, and even the temperature will rise to the threshold.
As the SOC of the battery increases, the acceptable current based on the polarization curve is gradually decreased. By sensing the polarization curve to determine the maximum charging current, the proposed pulse duty cycle search method gradually reduces the average charging current. The sweep function of the searching duty cycle and the charging current is described in equations (4) and (5): Fig. 7 . Controlling the acceptable charging current using dynamic pulse duty cycle searching method based on cell polarization 
T c is the charging period, T r is the relaxation period, I c is the average charging current during the charging period, and I is the equivalent charging rate in a cycle. In order to balance the influences of the polarization voltage and the charging time, the proposed charger adaptive controls the charging pulse voltage, as shown in Fig. 7(b) . The equivalent charging rate in a cycle matches the boundary curve exactly. Fig. 8 shows the algorithm of the optimal duty cycle (D optimal ) search mode. At the beginning, the optimal frequency, which was obtained from the previous mode, is initialized, and the 10% duty cycle (D 1 ), as described in equation (6), is selected as an initial value, which is used to charge the battery for 5 seconds. I ave is the equivalent charging current in these 5 seconds, and I limit is the acceptable current corresponding to the SOC. If I ave is below I limit , we can assume that the cell reactant, which is described in the equivalent cell model, can be diffused at the end of the charging period and that the battery is ready for the next charging pulse. In order to reduce the charging time, D n increases by 10% steps until the duty cycle reaches 90% or the SOC reaches 0.8. If I ave is larger than I limit , the D optimal will be updated to the newer D n .
The relaxation period during the charging process provides an opportunity to keep the concentration of the charging current at a relatively low level, preventing the battery from overheating. The proposed search method enables the dynamic determination of D optimal and effective control at the right time for the processes of charge pumping, reaction, and diffusion.
Implementation and experimental results
The single chip BMS IC (integrated circuit) including FET switch driver and charger MCU is attached to the board to measure the temperature, current flow, and voltage level of the target battery cells. The proposed fast-charge algorithm is simultaneously executed on the target BMS chip and the host-side software to provide optimized performance by integrating the on-cell extracted battery characteristics. Fig. 9 (a) shows our SoC (System-on-Chip) implementation and evaluation environment, including the host-side controller and the slave-side BMS. The host-side controller executes the charge/discharge algorithm to control the slaveside BMS via the communication channel. The slave-side controller is implemented with an MCU-based algorithm executable chip to control the FET transistor, which is used to manage the current flow into the battery cells.
As shown in Fig. 9(b) , the BMS IC is attached to the board to measure the temperature, the current flow, and the voltage level of the target battery cells. The proposed fast-charge algorithm is simultaneously executed in the target BMS chip and host-side software to provide optimized performance by integrating the on-cell extracted battery characteristics. Fig. 9(c) is micro-photograph of the fabricated BMS IC, for which the functional specification is listed in Fig. 9(d) . The MCU is stacked on the FET switch driver using multi-chip package process. The configurable PWM output is controlled by the on-chip firmware as an implementation of our proposed charging algorithm. Fig. 10 shows the measurement result of the proposed pulse-based charging operation using the frequency searching mode and duty searching mode, respectively, during one cycle. The 1000 Hz frequency is obtained as the optimal charging frequency after changing the frequency from 500 Hz to 5000 Hz. Then, the following duty search mode tries to change the duty cycle from 10 to 25, from which the duty search algorithm determines that the optimal duty is 20%.
From 0% SOC to 20% SOC, the battery is charged at C/2 (standard charge current) as the polarization phenomenon is serious, as mentioned above. Then, the second stage tries to charge at 4 A (fast charge current) until the level reaches the polarization curve. The charger continues charging until SOC is 80%, as shown in Fig. 11 .
Optimal frequency is obtained at the beginning and regained with every 5% SOC increase in the charging process. The optimal duty cycle is continuously obtained with every 0.2% OSC increase. Fig. 11 shows that the SOC and the temperature increase rapidly after 20% SOC and that the highest temperature rise is 12°C from 26°C to 38°C. Charging time from 0% to 80% SOC is 3318 seconds and from 20% to 80% is 1896 seconds. To maintain the duty cycle in a suitable range, the initial charging voltage is set to 13.6 V and adjusted four times when the SOC is 3%, 6%, 12% and 20%, respectively, with a corresponding voltage of 14 V, 15 V, 15.4 V and 16.8 V. It is a remarkable fact that the value of the duty cycle is in a periodic oscillation state . Timed measurement result of the optimal pulse-based charging process during one cycle using the proposed frequency and duty searching mode using the proposed searching algorithm. At the same time, both the terminal voltage and the current also have some shocks. In the optimal frequency searching mode, the abrupt change in current and voltage can be observed in Fig. 11 . The experimental results show that the optimal pulse plays a critical role in the charging process. A comparison experiment is conducted for the CC-CV, the fixed pulse (frequency of 500 Hz, duty cycle of 50%), the polarization curve, and the proposed method. The CC-CV method adopts 2C constant current charging lasting for 805 seconds, with a total charging time of 4075 seconds. This illustrates that increasing the current in the CC stage does not speed up the charging process. The fix pulse method adopts 500 Hz, and a 50% duty fixed pulse, which has the longest charging time because the charging current is too high in the initial phase. As for the polarization curve method, it tries to charge the battery at C/2, which is the same as the proposed method, and then fails to charge the battery at 4 A. Therefore, the selected C/3 charging current, with a total charging time of 4079 seconds, is shown in Table I .
The experiment results show that the proposed charge method achieves the fast charging speed within operating temperature. This is especially suitable for the charge for EV or PHEV from 20% SOC to 80% SOC.
Conclusion
In this study, a fast li-ion battery charger microcontroller (MCU) based on dynamic controlling of pulse width modulation (PWM) output by tracking the polarization curve of battery cells is proposed in order to inject the maximum charge current without battery degradation and its fully custom-designed MCU is implemented as a system-on-chip (SoC) using 0.18 um Embedded Flash CMOS process.
The proposed system is based on two modes of searching: the optimal frequency searching mode and the optimal duty cycle searching mode. By dynamic frequency control, the impedance can be minimized while achieving the highest charging current. The duty cycle is well controlled to keep the concentration of polarization at a relatively low level. This makes the charging current comply with the polarization curve in order to inject optimal charging currents into the battery cells, thereby ensuring the maximum charge speed without damaging to the battery. The experimental results show that the proposed method can finish up to about 80% Compared with traditional methods, the proposed method adopts relatively complex algorithm and pulse control circuit. This can cause difficulties in terms of implementing. In particular, quickly switching between the charging period and the relaxation period can cause a great change in the charging current. Therefore, the impact of the charger on the power grid can not be ignored. The charging performance test for other types of lithium batteries will be performed in the future work. Further more, the impacts of the proposed charging algorithm on the cycle life of the the battery should be evaluated.
